Purpose. We investigated the expression levels of virulence factors (ompA, omp33-36 and carO) in five clinical isolates and in a standard ATCC 19606 strain of Acinetobacter baumannii to determine their effect on the virulence characteristics of the isolates.
INTRODUCTION
Acinetobacter baumannii is an important opportunistic pathogen associated with nosocomial infections such as bacteraemia, pneumonia, meningitis, urinary tract infections and wound infections [1, 2] . The recent increase in outbreaks of multidrug-resistant A. baumannii (MDRA) worldwide is a cause for concern [3] [4] [5] . Although A. baumannii is regarded as a low-virulence pathogen [6] , recent studies have reported that A. baumannii shows several forms of pathogenicity such as biofilm formation, adherence and invasion of host cells [7] [8] [9] ; host cell death [10] [11] [12] ; and iron acquisition [13] . Therefore, A. baumannii, especially MDRA, has gradually gained importance as a human pathogen in the hospital environment [3] .
The outer membrane of Gram-negative bacteria primarily consists of phospholipids, lipopolysaccharide and outer membrane proteins (Omps) [14] . In particular, Omps play an important role in bacterial pathogenicity [15] . Escherichia coli is the most common nosocomial Gram-negative bacterium that causes meningitis in neonates [16] . E. coli OmpA mediates serum resistance as well as bacterial adherence and invasion of epithelial cells and macrophages [17] [18] [19] . This suggests that E. coli OmpA contributes to overcoming the host defence and proliferation in blood cells or host cells to maintain a high level of bacteraemia, leading to the onset of meningitis. Klebsiella pneumoniae causes pneumonia, urinary tract infection and sepsis but fails to elicit early inflammatory responses [20] . A previous study has demonstrated that K. pneumoniae OmpA attenuated cytokine production in airway epithelial cells and contributed to increased bacterial load in mice after infection [21] , suggesting that OmpA plays an important role in bacterial pathogenicity and immune evasion in the host. A. baumannii also induces inflammatory lung responses in pneumonia by adhering to epithelial cells [22] [23] [24] and subsequently inducing cell death through caspase-3 activation [25, 26] . These observations suggest that A. baumannii OmpA contributes to biofilm formation on epithelial cells and mediates bacterial adherence to lung epithelial cells by interacting with fibronectin on the cell surface [8, 9] . Moreover, A. baumannii OmpA translocates to the mitochondria and the nucleus of host cells and induces apoptosis in these cells [10, 11, 27] . These studies indicate that OmpA is vital to the pathogenicity of A. baumannii infection. Omp33-36 and CarO are associated with resistance to carbapenem antibiotics (imipenem and meropenem) [6, 28] . In addition, A. baumannii Omp33-36 induces apoptosis and modulates autophagy in human epithelial cells [29] and plays an important role in the pathogenicity of A. baumannii infections [30] . Although the role of A. baumannii CarO remains unknown, a multidrugresistant clinical isolate of A. baumannii with decreased carO expression was shown to exhibit reduced cytotoxicity to lung epithelial cells [31] , suggesting that CarO is also associated with virulence.
Further studies have reported that Omps are delivered to host cells by outer membrane vesicles (OMVs) and function as effector molecules produced by Gram-negative bacteria [14, 32, 33] . Other studies have demonstrated that A. baumannii secretes OMVs during growth [12] and induces host cell death and cytokine production via these OMVs [12, 34] . Especially, OMVs from an OmpA-deficient strain of A. baumannii did not induce cell death [12] , suggesting that OmpA plays an important role in cytotoxicity to host cells. However, most laboratory strains and clinical isolates of A. baumannii show low pathogenicity in vivo because these strains do not cause high mortality and bacterial burden in tissues [26, [35] [36] [37] [38] . In addition, although some studies have evaluated pathogenicity caused by A. baumannii in an in vivo model [39] , the virulence factors that contribute to high pathogenicity in clinical isolates of A. baumannii are unknown.
Increasing evidence suggests that Omps are the most important virulence factors for A. baumannii pathogenicity. However, the mechanism by which Omps contribute to the pathogenicity of A. baumannii remains unclear. In addition, even though it is considered that Omp expression is regulated by environmental cues [40] , the association between Omp expression and virulence characteristics in clinical isolates has not been analysed to date. In this study, we focused on the expression of ompA, omp33-36 and carO in five clinical strains of A. baumannii isolated from our hospital and evaluated the adherence of these isolates to human lung epithelial cells. We further investigated the expression levels of proinflammatory cytokines in human lung epithelial cells after co-culture with these isolates and explored the associations between omp mRNA expression in the isolates and the proinflammatory responses of the host cells.
METHODS
Bacterial strains and growth condition R1, R2, R3, R4 and R5 strains of A. baumannii were isolated from the Teikyo University hospital during the outbreak that occurred around 2010. Isolations were carried out on CHROMagar Acinetobacter for 24 h at 37 C. R1 strain was isolated from the sputum of a patient with interstitial pneumonia. R2 strain was isolated from the urine of a patient with malignant lymphoma and pneumonia. R3 strain was isolated from the blood of a sepsis patient with myelodysplastic syndrome. R4 strain was isolated from the stool of a patient with multiple myeloma and bacterial colonization. R5 strain was isolated from the sputum of a patient with cardiovascular disease and bacterial colonization. The isolates were streaked onto blood agar plates and cultivated for 24 h to obtain monoclonal colonies and identified as A. baumannii by DNA sequencing of a partial RNA polymerase b-subunit (rpoB) gene [41] . Additionally, the isolates were non-clonal isolates confirmed by pulsedfield gel electrophoresis (data not shown). After identification, these isolates were stored in glycerol stock at À80 C at the Department of Microbiology and Immunology, Teikyo University School of Medicine. Antimicrobial susceptibility testing was performed using five strains of A. baumannii based on the MICs for imipenem, amikacin and ciprofloxacin. Against these five strains, the MICs of imipenem, amikacin and ciprofloxacin were >8, 16 and 2 mg l À1 , respectively. These strains were thus identified as MDRA strains. The A. baumannii ATCC 19606 strain was used as a standard strain. These bacteria were cultured in LuriaBertani (LB) broth (Becton, Dickinson and Company) for 16 h at 37 C. The bacteria were then resuspended in Dulbecco's modified Eagle's medium (DMEM) (Sigma-Aldrich) supplemented with 10 % heat-inactivated foetal bovine serum (FBS) (Gibco) at a concentration of 2Â10 7 c.f.u. ml À1 for the cell adherence assay. The concentration was adjusted via optical density measurements at 595 nm and confirmed by plating serial dilutions of the cultures on LB agar, followed by counting the c.f.u. after 24 h of incubation at 37
C. For the analysis of gene expression in bacteria, bacteria were cultured in LB broth for 16 h at 37 C. To analyse the expression level of omps mRNA in A. baumannii in the same growth conditions as those used for bacteria-cell co-culture assays, the bacteria were cultured in DMEM supplemented with 10 % FBS for an additional 2 h at 37 C and then used for RNA extraction as indicated below.
Cell culture and adherence assay A549 human lung epithelial cells were purchased from the JCRB cell bank and maintained at 37 C under 5 % CO 2 in DMEM supplemented with 10 % FBS. A549 cells were seeded at a concentration of 2Â10 5 cells well À1 in 24-well plates and were cultured overnight. Prior to co-culture with A. baumannii, the A549 cells were washed twice with PBS. The cells were then co-cultured at a multiplicity of infection of 100 bacteria per cell at 37 C under 5 % CO 2 for 2 h. To analyse the number of adherent bacteria, A549 cells were washed thoroughly five times with PBS after 2 h of co-culture. The bacteria were harvested after lysing the A549 cells by adding sterile distilled water (1 ml) to each well; bacterial count was confirmed by the growth of serial dilutions of the bacterial suspension on LB agar in terms of c.f.u. after 24 h of incubation at 37 C. To confirm the adherence of A. baumannii to A549 cells, the cells were stained by Giemsa (Merck) after co-culture with A. baumannii under the same conditions as of bacteria-cell co-culture assays and observed using an inverted microscope (DMI6000B; Leica Microsystems).
RNA extraction and quantitative real-time PCR
Total RNA of A. baumannii was extracted using an RNeasy Protect Bacteria mini kit (Qiagen). To analyse the cytokine expression levels, total RNA was extracted from A549 cells after 4 h of co-culture with clinical isolates of A. baumannii using an RNeasy Plus mini kit (Qiagen). Harvested RNA samples were quantified using the NanoDrop spectrophotometer (Thermo Fisher Scientific). Total RNA was reverse transcribed to cDNA using PrimeScript first-strand cDNA synthesis kit (Qiagen). To analyse the mRNA levels of all genes, cDNA was amplified using the SYBR Green PCR master mix (Thermo Fisher Scientific) with consensus primers for detecting ompA, omp33-36, carO, rpoB, human b-actin, human tumour necrosis factor (TNF) a, human interleukin (IL) 6 and human IL-8. The primer sequences are listed in Table 1 . rpoB was used as an internal control for the quantification of ompA, omp33-36 and carO. Human b-actin was used as an internal control for the quantification of TNF-a, IL-6 and IL-8. Real-time PCR was performed as follows: 40 cycles of denaturation at 95 C for 15 s, annealing at 60 C for 30 s and extension at 72 C for 1 min. The amplified PCR products were quantitatively monitored using a StepOne Real-Time PCR system (Applied Biosystems). Fold changes in omps mRNA expression were calculated by the 2 À44C t method using rpoB gene as an internal control. Fold changes in cytokine mRNA expression were calculated by the 2 À44C t method using human b-actin gene as an internal control. The relative expression of each sample mRNA was evaluated relative to the control sample (ATCC 19606 or A549 cells), which was assigned a value of 1 arbitrary unit.
Correlation analysis and statistics
The results of omps and cytokine mRNA expression are expressed as means±SEM of three independent experiments performed in duplicate. The results of bacterial count of cell-adherent A. baumannii are expressed as means±SEM of three independent experiments performed in triplicate. Comparisons of numerical data were performed using the Student's t-test. Pearson correlation analysis was used to compare the omps mRNA levels, the proinflammatory cytokines and the number of adherent bacteria. In all analyses, a two-tailed probability of <5 % (i.e. *P<0.05) was considered statistically significant.
RESULTS

Expression levels of omps in A. baumannii clinical isolates
To investigate the virulence properties of A. baumannii clinical isolates, we analysed the expression levels of ompA, omp33-36 and carO in five clinical isolates of A. baumannii cultured in DMEM supplemented with 10 % FBS for 2 h at 37 C. As shown in Fig. 1(a) , the mRNA levels of ompA in strains R4 and R5 were significantly higher than those in ATCC 19606 (1.55±0.13-fold and 1.76±0.27-fold, respectively). The mRNA levels of ompA were similar in strains R1, R2 and R3 compared with those in ATCC 19606 (1.30 ±0.19-fold, 1.33±0.25-fold and 1.11±0.15-fold, respectively). The mRNA levels of omp33-36 in the strains R1 and R4 were significantly lower than those in ATCC 19606 (0.45 ±0.07-fold and 0.50±0.03-fold, respectively) (Fig. 1b) , whereas omp33-36 mRNA levels were similar in the strains R2, R3 and R5 compared with those in ATCC 19606 (1.04 ±0.24-fold, 1.17±0.38-fold and 1.16±0.18-fold, respectively). The mRNA levels of carO in the clinical isolates were significantly higher than those in ATCC 19606 (2.24±0.35-fold, 2.23±0.31-fold, 2.68±0.56-fold, 3.59±0.48-fold and 4.14±0.64, respectively) (Fig. 1c) . These results indicate that the clinical isolates of A. baumannii show variable expression levels of omps mRNA.
Adherence of A. baumannii clinical isolates to human lung epithelial cells Previous studies have shown that A. baumannii has the ability to interact with host cells through adherence and invasion [9] . We investigated whether the number of A. baumannii adhering to A549 cells was higher after coculture with clinical isolates as compared to that with the standard strain. As shown in Fig. 2(a) , respectively). Moreover, the results obtained above with adherence assays were confirmed by Giemsa staining. As shown in Fig. 2(b) [9] . To evaluate whether the virulence characteristics of A. baumannii clinical isolates depends on omps expression levels, we analysed the correlation of ompA, omp33-36 and carO mRNA levels with the number of A549 cell-adherent A. baumannii. As shown in Fig. 3(a) , Pearson correlation analysis revealed a positively significant correlation between the numbers of cell-adherent clinical isolates and the mRNA levels of ompA (r=0.893; P=0.017), whereas no correlation was noted between the number of cell-adherent bacteria and the mRNA levels of omp33-36 (r=À0.193; P=0.714) (Fig. 3b) . In addition, Pearson correlation analysis revealed a positively significant correlation between the numbers of cell-adherent clinical isolates and the mRNA levels of carO (r=0.962; P=0.002). However, a previous study reported that CarO was not associated with the adherence of A. baumannii [9] . These results indicate that the cell adherence of A. baumannii clinical isolates depends on the mRNA expression level of ompA.
Proinflammatory responses of human lung epithelial cells to clinical isolates of A. baumannii A. baumannii infection in human lung epithelial cells induces proinflammatory cytokines [42] , which play an important role in bacterial clearance [36] . To investigate the proinflammatory responses to A. baumannii clinical isolates, we analysed the mRNA levels of TNF-a, IL-6 and IL-8 in A549 cells after 4 h of co-culture with the clinical isolates and ATCC 19606. As shown in Fig. 4 (Fig. 4a) . Moreover, the mRNA levels of IL-6 in A549 cells co-cultured with strains R4 and R5 were significantly lower than those in A549 cells co-cultured with ATCC 19606 (ATCC 19606: 28.3±6.30-fold, R4: 9.58±1.03-fold and R5: 9.13±0.97-fold, respectively) (Fig. 4b) . The mRNA levels of IL-6 were also low in A549 cells co-cultured with strains R1, R2 and R3 ±1.14-fold and R5: 8.85±0.71-fold, respectively) (Fig. 4c) . These results suggest that the proinflammatory responses induced in human lung epithelial cells by A. baumannii clinical isolates are lower as compared to those induced by the standard strain.
The proinflammatory responses in lung epithelial cells to clinical isolates of A. baumannii were negatively correlated with carO expression level A. baumannii OMVs contain multiple virulence factors, including OmpA and various other factors [32] , and elicit a potent innate immune response [34] . However, it remains unknown whether the expression level of omps in A. baumannii clinical isolates affects the proinflammatory cytokine responses. To evaluate the association between omps expression and proinflammatory cytokine expression, we analysed the correlation between the expression levels of ompA, omp33-36 and carO in the A. baumannii clinical isolates and those of the proinflammatory cytokines in A549 cells after co-culture with these clinical isolates. Pearson correlation analysis revealed that mRNA levels of TNF-a, IL-6 and IL-8 in A549 cells co-cultured with A. baumannii clinical isolates were weakly negatively associated with those of ompA in the clinical isolates but not significantly different (r=À0.731, P=0.099; r=À0.760, P=0.080; and r=À0.760, P=0.080, respectively) ( Fig. 5a-c) . In addition, no correlations were noted between the mRNA levels of TNF-a, IL-6 and IL-8 in A549 cells cocultured with the clinical isolates of A. baumannii and those of omp33-36 in the clinical isolates (r=0.172, P=0.745; r=0.154, P=0.771; and r=0.365, P=0.476, respectively) ( Fig. 5d-f ). On the other hand, the mRNA levels of TNF-a and IL-6 and IL-8 in A549 cells co-cultured with the clinical isolates of A. baumannii were negatively and significantly correlated with those of carO in the isolates (r=À0.897, P=0.015; r=À0.922, P=0.009; and r=À0.854, P=0.030, respectively) ( Fig. 5g-i) . These results suggest that the clinical isolates of A. baumannii induce different immune responses depending on their carO expression.
DISCUSSION
A. baumannii has recently emerged as a major nosocomial pathogen [3] . Although previous studies have clarified various virulence factors of A. baumannii, the mechanisms governing the pathogenicity and the immune responses against the clinical isolates of A. baumannii have remained elusive. Therefore, we focused on the expression levels of omps as virulence factors in clinically isolated A. baumannii and the role of Omps in the virulence characteristics and the immune responses to A. baumannii.
Omps have a structural role in the integrity of the bacterial cell surface and contribute toward the virulence of A. baumannii [15, 43] . Considering that A. baumannii has emerged as a major pathogenic species, the pathogenicity of A. baumannii varies in different environments. Since A. baumannii clinical isolates may have been previously exposed to environmental stress conditions such as multiple antimicrobial agents, bactericidal substances in the serum and host immune responses, we hypothesized that A. baumannii may alter Omp expression to adapt to these stress conditions. Our results demonstrated various expression levels of omps mRNA as well as increased cell adherence in A. baumannii clinical isolates. In addition, a positive correlation was seen between the number of bacteria adhering to lung epithelial cells and the expression level of ompA mRNA in the clinical isolates of A. baumannii. These results suggest that A. baumannii clinical isolates enhance their capacity of cell adherence depending on ompA expression to survive in organs such as the trachea and the lungs. Previous studies have reported that the regulation of OmpA expression in E. coli was affected by environmental stress conditions such as starvation, growth in urine and the presence of antimicrobial peptides, in terms of RNase R activity, which is a 3¢-5¢ exoribonuclease [40, 44, 45] . Another study revealed that deletion of RNase R induced higher expression of OmpA protein in E. coli at the stationary stage [46] , suggesting that (a) ompA mRNA is degraded by RNase R. Considering these reports, since the clinical isolates of A. baumannii may have been exposed to environmental stress conditions in the hospital, RNase R in the clinical isolates may be mutated or modulated. Polynucleotide phosphorylase (PNPase) is an exoribonuclease known to be involved in mRNA degradation in E. coli [46] and contributes to biofilm formation [47] . Interestingly, an E. coli PNPase mutant has been previously shown to neither degrade ompA mRNA nor form biofilms [46, 47] . Therefore, it is plausible that the regulation of OmpA in A. baumannii clinical isolates is regulated by RNase R and/or PNPase. However, although the expression level of ompA mRNA in the strains R1, R2 and R3 was not significantly higher than that in ATCC 19606, the number of celladherent bacteria among the clinical isolates was significantly higher than that of cell-adherent ATCC 19606. It is thus expected that there are unknown factors that increase the cell adherence of A. baumannii clinical isolates.
We demonstrated that the expression of omp33-36 mRNA in the clinical isolates of A. baumannii was lower and similar compared with that in ATCC 19606. Considering that A. baumannii Omp33-36 induces apoptosis in human epithelial cells [29] , our results suggest that the clinical isolates of A. baumannii may be capable of inducing apoptosis in A549 cells at a different level. In this study, we analysed A549 cells only after 4 h post-infection, whereas induction of apoptosis in epithelial cells has been previously observed at 24 h after infection [10, 11] . Further studies are required to determine the cytotoxicity of these clinical isolates.
March et al. [21] reported that K. pneumoniae OmpA attenuates the expression of proinflammatory cytokines in lung epithelial cells and in mice lungs after infection by inhibiting the NF-kB pathway via Toll-like receptor (TLR) stimulation21. Moreover, K. pneumoniae OmpA contributes to attenuate the airway cell responses in vivo [21] . This previous study suggests that OmpA plays an important role in modulating host immune responses as well as the adherence of bacteria and invasion into epithelial cells. On the other hand, according to our results, it might be that A. baumannii OmpA hardly attenuates the expression of proinflammatory cytokines in lung epithelial cells and the expression of CarO rather than OmpA plays an important role in the regulation of proinflammatory responses in lung epithelial cells. However, March et al. [21] discussed that OmpA, together with capsule polysaccharide, perturbs the TLR-dependent recognition of K. pneumoniae [21] . The cell capsule of A. baumannii is important for its survival in human serum [3] , and its synthesis is regulated in response to antibiotic stress [48] . Since the clinical isolates of A. baumannii may have been previously exposed to environmental stress conditions such as multiple antimicrobial agents and bactericidal substances in the serum, synthesis of the cell capsule in A. baumannii clinical isolates might be altered compared with that in the standard strain, suggesting the perturbation of TLR-dependent recognition of A. baumannii. Further studies are required to clarify the role of both OmpA and the cell capsule of A. baumannii in the regulation of host immune responses.
Proinflammatory cytokines and chemokines are major contributors to early neutrophil recruitment. In case of A. baumannii infection, early recruitment of neutrophils via induction of proinflammatory cytokines by epithelial cells is necessary for the clearance of A. baumannii from the lung [36] . However, we demonstrated that the expression of proinflammatory cytokines in human lung epithelial cells after co-culture with A. baumannii clinical isolates was negatively and significantly correlated with those of carO in the isolates. Although the role of A. baumannii CarO as a virulence factor remains unknown, a multidrug-resistant clinical isolate of A. baumannii with decreased carO expression was shown to exhibit reduced cytotoxicity to lung epithelial cells [31] . These results suggest that this porin may have some implications in the increased virulence of A. baumannii. Moreover, the increase of carO expression in the clinical isolates of A. baumannii implies that the isolates delay the infiltration of pulmonary neutrophils via attenuation of proinflammatory responses in the trachea and the lungs, thus allowing bacterial proliferation and resulting in severe pneumonia. In addition, this study clarified that the clinical isolates of A. baumannii showed high adherence to human lung epithelial cells. A recent study reported that A. baumannii adhered to neutrophils and was transported together with the infiltrating neutrophils [49] . In the case of wound infections, the clinical isolates of A. baumannii might invade blood and cause systemic infections due to high cell adherence. Considering these results, it is suggested that A. baumannii is emerging as a highly pathogenic bacterium by virtue of it altering cell adherence and induction of proinflammatory cytokines under clinical conditions. In summary, we demonstrated that the renewed virulence characteristics of A. baumannii clinical isolates depend on their cell adherence capacity and their omps expression levels. Omp expression may reflect the progress of A. baumannii infection, and consequently, blocking Omps function may contribute to treatment. Further studies are required to understand the mechanism of Omps-mediated virulence in A. baumannii.
Funding information
This research was supported by a Grant-in-Aid for Scientific Research from the Ministry of Education, Culture, Sports, Science and Technology of Japan (24591490).
